involving the adsorption of key trace gases onto atmo-ice will place fundamental requirements on any proposed earth-based far-infrared instrument. The interaction of spheric dust or ice particles may be occurring. Because of the importance of ices in many atmospheric processes, it thermal radiation with an ensemble of ice particles is dependent on particle composition, sizes, shapes, and concenis highly desirable to measure their composition, including the presence of small amounts of contaminants in the ice, trations and in addition for surface frosts, on the packing density (or porosity), temperature gradients, and largetheir spatial distribution, and their temporal variations.
The utility of far-infrared planetary observations has scale surface roughness. The fundamental parameter controlling the spectral behavior of ice particles is the single been largely unexplored primarily because the earth's atmospheric opacity in this spectral region precludes ground-particle scattering albedo which is strongly dependent on the particle's complex refractive index, obtained from labobased measurements. Infrared observations by Mariner 9 and Voyager spacecrafts were limited to frequencies above ratory measurements.
Far-infrared laboratory transmission measurements of about 200 cm Ϫ1 . Many planetary ices possess unique farinfrared spectral signatures that can be diagnostic of their many planetary ices, such as H 2 O, CO 2 , CO, C 2 H 2 , C 2 H 4 , C 2 H 6 , N 2 and NH 3 can be found in the literature (Bertie composition. The far-infrared spectrum of ice is controlled to, a large degree, by lattice vibration bands which are a et al. 1969 , Kuan 1969 , Brown and King 1970 , Ron and Schnepp 1967 , Schwartz et al. 1971 , Fink and Sill 1982 , result of inter-molecular forces between bound molecules. This motion is a bound energy state, giving rise to transla- Sill et al. 1980) . Generally, these laboratory measurements were concerned with assigning absorption bands, studying tional or lattice modes usually having lower energy levels than typical gas phase rotational modes. The band centers their internal structure, and comparing theoretically calculated lattice vibration intensities and frequencies with exof lattice modes in ices typically fall in the range from about 20 to 250 cm
Ϫ1
. The inter-molecular forces are gener-perimentally derived values. Large uncertainties in the absorption coefficients derived from these past meaally much weaker than the intra-molecular bonding forces which dominate the near-and mid-infrared absorption surements occur primarily due to the uncertainty in sample thickness and therefore the data are not well suited for mechanisms in both gases and solids. These strong intramolecular forces result in similar infrared spectra for gases accurate calculation of refractive indices. Recently, a number of laboratory measurements specifically designed to and solids, with only minor shifts in the fundamental absorption band frequencies (Fink and Sill 1982) . This leads determine the near-and mid-infrared complex refractive indices of a wide range of planetary and interstellar ices to some ambiguity in interpreting near-and mid-infrared surface observations due to interfering atmospheric ab-have been conducted (see for example Khanna et al. 1988; Masterson and Khanna 1990, Khare et al. 1990 ; Salama et sorption.
Non-polar ices, such as CO 2 or N 2 ice, generally exhibit al. , Pearl et al. 1991 , Hansen 1993 , Hudgins et al. 1993 . However, little recent work has been conducted weaker absorption in the far infrared than ices containing strong O-H bonds. This results in a frost with low emissiv-in the far-infrared region ( Ͻ 400 cm
) with the exception of H 2 O, CH 3 OH, and interstellar mixtures of ity over most of the far-infrared spectral region except near the lattice bands where the emissivity approaches H 2 O : CH 3 OH : CO : NH 3 reported by Hudgins et al. (1993) .
In this paper, we discuss a general laboratory technique unity due to the stronger in-band absorption. This kind of behavior leads to a relatively strong spectral contrast in for measuring the far-infrared spectral transmission of planetary ices and present experimentally determined faremissivity between the absorption band and the nearby weakly absorbing inter-band region. In principle, it is possi-infrared absorption coefficients and refractive indices for CO 2 and H 2 O ices. The refractive indices of these two ble to identify the composition of surface frosts and atmospheric condensates, and to estimate the relative abun-ices were revisited both as a check of the experimental procedure and to make a quantitative assessment of the dances of individual constituents by observing the location and strengths of these far-infrared spectral features.
uncertainty in their far-infrared indices. The laboratory results reported here confirm earlier measurements and The spectral characteristics of the outgoing thermal emission from a planet depend on the emitting properties place a well-defined estimate of the uncertainty in the far-infrared refractive indices of CO 2 and H 2 O ices. In of the surface and on the distribution of gases and condensates in the atmosphere. Modeling the spectral characteris-addition, these ices have relevance to atmospheric and surface processes on Mars, and possibly on Triton and tics of cloud and surface ices is central to addressing the feasibility of determining ice composition from remote Pluto. The experimentally determined refractive indices of CO 2 and H 2 O ices were incorporated into a detailed sensing observations. Radiative transfer models are used to generate synthetic cloud and surface ice emission spectra radiative transfer model to investigate the spectral properties of martian cloud and surface ices. Finally, we discuss which simulate the radiances measured by a remote sensing instrument. The strengths, widths, and locations of ice spec-the feasibility of detecting martian cloud and surface ices in the far infrared using an earth-based remote sensing tral features, and the spatial extent of clouds and surface instrument and we speculate on the feasibility of observing ices in the outer solar system.
LABORATORY MEASUREMENTS
Thin ice films were produced by condensing CO 2 or H 2 O vapor onto a cold silicon substrate. Spectral transmission of the ice films was measured over the range from about 50 to 650 cm Ϫ1 using a Bomem DA8 Fourier transform spectrometer (FTS) equipped with Mylar beamsplitters and a deuterated triglycine sulfate (DTGS) detector. A high-pressure mercury source was used in the spectral range from 40 to 200 cm Ϫ1 and a Globar source was used Due to the low output energy of these sources and the moderate sensitivity of the DTGS detector, several hundred spectra were added together to improve the signalto-noise ratio of the measurement. Even in doing this, well suited for this application. A disadvantage to using silicon is the relatively high refractive index (measured to noise was a significant source of uncertainty in the derived absorption coefficients and refractive indices. be 3.58 at 100 K and 3.62 at 290 K), which results in a significant reflection loss of roughly 50% over the spectral A typical transmission measurement proceeded as follows. First, a reference transmission measurement was region of interest. In addition, silicon exhibits temperaturedependent electronic conduction absorption loss below made of the blank substrate cooled to the deposition temperature of 77 K. The cold finger and attached substrate about 100 cm Ϫ1 and lattice band absorption near 610 cm
Ϫ1
. The silicon substrate transmission characteristics and the were then rotated to face the gas injection port. Gas was allowed to flow through the injector at a carefully con-complex refractive index at 77 K were determined from laboratory measurements. trolled rate, subsequently condensing onto the cold substrate. After deposition, the cold finger was rotated into
The CO 2 gas sample was taken directly from a gas cylinder with a stated purity of 99.95% (research purity) from the infrared beam and the ice transmission spectrum was measured. The ice film could be visually inspected by rotat-Matheson Gas Products and containing less than 2 ppm of H 2 O. No further purification was made. For H 2 O ice ing the substrate to face a clear plastic window. An iterative Kramers-Kronig technique was used to determine the far-deposition, deionized, distilled liquid water was degassed under vacuum and allowed to flow into a water ice cold infrared complex refractive indices of CO 2 and H 2 O ices from the measured transmission spectra. The details of this trap. Three condensation-degassing cycles were performed to further purify the water vapor sample. The gas procedure are discussed in Appendix A of this paper. Nearand mid-infrared absorption data, needed for the Kram-flow rate into the cryostat was precisely controlled by a micro-metering valve, with typical uncalibrated flow rates ers-Kronig calculation, were obtained from the published compilation of Warren (1986) for CO 2 ice and measure-of roughly 5.2 ml/hr corresponding to a deposit rate of approximately 12 Ȑm/hr. The maximum CO 2 film thickments made by Bertie et al. (1969) for H 2 O ice.
The ice samples were prepared in an Oxford CF1104 ness obtainable was approximately 35 Ȑm. The quality of the films for both CO 2 and H 2 O ices were extremely sensicontinuous flow vacuum cryostat. Optical access to the ice sample was provided by four orthogonal window ports (see tive to flow rate. Only CO 2 ice transmission spectra exhibiting uniform interference fringes and minimal scattering Fig. 1 ). The two windows of the cryostat in the infrared beam were made of 2-mm-thick polyethylene. A gas injec-effects were used in determining the refractive index. Films of only a few Ȑm were necessary to adequately measure tor was fitted into the side window port. The temperature of the cryostat cold finger was automatically controlled the absorption coefficient of H 2 O ice. Transmission measurements were made of crystalline CO 2 ice in the temperaover the range from 77 to 300 K by an Oxford Intelligent Temperature Controller (ITC-4) and could be maintained ture range from 80 to 120 K and of amorphous and cubic (Ic) water ice in the range from 77 to 150 K. The results to within 1.0 K of the set-point temperature. The substrate temperature was measured using a platinum resistive tem-of the thin film transmission measurements and the determination of far-infrared refractive indices of CO 2 and H 2 O perature device mounted onto the substrate holder, with an estimated error of Ϯ1.2 K. A highly polished wedged ices are presented in Section 4.
It should be mentioned that deposition temperature also silicon substrate was used because of its high thermal conductivity and low thermal expansion coefficient, making it controls the solid phase characteristics and hence, the infra-red spectra of both H 2 O and CO 2 ices. This is an important winter and falling off rapidly with latitude to approximately 15 to 20 Ȑm-atm at 80ЊN (Barth 1974, 1 Ȑm-atm ϭ consideration when comparing measurements made by other investigators (e.g., Kuan 1969 , Hudgins et al. 1993 Thin detached hazes or discrete clouds composed of water ice particles are frequently observed in the midused in our experiments), CO 2 ice will form an amorphous film which when warmed to temperatures above about 50 latitudes and high latitudes on Mars. Mariner 9 IRIS limb spectra measured in the Tharsis Ridge region showed ab-K, will irreversibly change to crystalline ice (Falk 1987) . Amorphous water ice is formed at deposition temperatures sorption features at 230 and 800 cm
, indicating the presence of H 2 O ice clouds (Curran et al. 1973) . Curran et al. below about 140 K. Warming the film to temperatures between 140 and 190 K results in a phase change to cubic estimated a mean particle size of 2 Ȑm and an integrated cloud mass of 5 ϫ 10 Ϫ5 gm/cm 2 by comparing the measured (Ic) ice and at temperatures above 190 K, hexagonal (Ih) ice is formed.
IRIS spectra with theoretical calculations. The location of these clouds near shield volcanoes suggest they were formed in the uplift of prevailing winds (Rossow 1978) .
MARTIAN CLOUD AND SURFACE ICES
Analysis of Viking Orbiter limb images by Kahn (1990) showed numerous discrete haze layers occurring between In this section, spacecraft observations of martian aerosols, clouds, and surface ices are briefly reviewed. The 20 and 80 km. These hazes appeared to be composed of water ice with temperatures of 170 to 190 K at the condencharacteristics of cloud and surface ices inferred from these observation were used to develop aerosol, cloud and sur-sation level and ice concentrations ranging from 0.0021 to 0.034 pr Ȑm . Kahn found that the ice particle sizes varied face models describing particle composition, sizes, and vertical distribution for mid-latitude and polar conditions. with condensation level from about 0.1 to a few Ȑm. The horizontal extent of these hazes can be a few hundred to These models provide basic inputs to the radiative transfer model. The solution to the radiative transfer equation using 1000 km. These detached hazes are persistent and Kahn suggests that they may be analogous to the earth's polar a line-by-line direct integration method coupled with a successive orders of scattering technique is discussed in stratospheric clouds. Discrete layers of water ice clouds were also detected at several locations up to 50 km by Appendix B.
Atmospheric models for mid-latitude and polar region spectrometers on the Phobos 2 spacecraft (Chassefiè rre et al. 1992) . The vertical extent of these clouds was typically conditions were developed primarily based upon Mariner and Viking spacecraft observations. The atmospheric pres-3-6 km. The clouds were inferred to be composed of water ice because they formed at altitudes where the temperasure at the Martian surface varies significantly with season from about 6 to 9 mbars. There are large diurnal variations tures were above the frost point of CO 2 . Chassefiè rre et al. derived an effective cloud particle radius of 0.15 to 0.85 in surface temperature (e.g., 180 to 270 K at 60ЊN latitude). Small temperature inversions are common in the boundary Ȑm with an effective variance of 0.2 from solar occultation measurements. The peak number densities of cloud partilayer, particularly for winter polar latitudes. The temperature structure used in the polar atmospheric models was cles were ȁ1 cm Ϫ3 . During the polar winter, temperatures become cold based on Lindal et al.'s (1979) analysis of Viking radio occultation measurements. The standard martian atmo-enough for carbon dioxide to condense in the atmosphere, forming a polar hood beginning in the autumnal equinox. sphere volume mixing ratios were assumed for CO 2 , N 2 , Ar, O 2 , and CO (Owen et al. 1977) . Water vapor is highly Atmospheric dust is also expected to be present in the polar hood. Observations by Mariner 9 showed the polar variable with location and season on Mars. The water vapor amount assumed in the mid-latitude model was the globally hood to be highly variable from day to day. Briggs and Leovy (1974) suggested that this variability was the result averaged column abundance of 10 pr Ȑm (Jakosky and Farmer 1982 O-vapor) . In the polar wintertime, water vapor including lee wave clouds near the cap edge, probably composed of water ice and convective clouds, likely comappears to be at or near its saturation vapor pressure at all altitudes (Jakosky 1985) . Therefore, the water vapor posed of CO 2 ice. The water ice haze has a typical visible optical depth close to unity, equivalent to about 1-2 pr profile in the polar atmospheric models was constrained to follow its saturation vapor pressure curve as defined by Ȑm of water ice (Christensen and Zurek 1984) . The haze is nearly always present during the annual retreat of the the Clausius-Clapeyron equation. The abundance of O 3 is also variable with latitude and season peaking in the polar ice cap. Diffuse, low-lying hazes are prevalent poleward of about 60ЊN with a scale height of 3 to 4 km expolar region near 57ЊN, with a maximum measured ozone amount of 57 Ȑm-atm over the polar hood during late tending to 20 km (Pollack et al. 1977) . These hazes form at atmospheric temperatures near the frost point of CO 2 atmospheric dust. Mukai and Koike (1990) derived the far-infrared index of refraction of olivine from laboratory and their composition is inferred to be CO 2 ice or a mixture of CO 2 and H 2 O ices. CO 2 ice particles are expected to measurements. The exact nature of the far-infrared optical properties of dust will not affect the general results or grow quite large, approaching 25 Ȑm, using water ice or dust particles as condensation nuclei. Also in the polar conclusions regarding the delectability of cloud and surface ices. region, a cloud layer typically 4 km thick forming at about 15 km and a hazy cloud with a scale height close to the The exact composition of the martian regolith is still uncertain, although silicates and iron-rich materials are gas scale height up to about 20 km have been observed (Briggs and Leovy 1974) .
certain. Overall, the material is well matched by basalt with varying degrees of oxidation and grain sizes. The Suspended dust is always present in the atmosphere, in varying amounts. Its presence has been detected by reddish color of martian soil is attributed to iron oxides.
Palagonites are currently the best analog to explain visible spacecraft and earth-based telescopic observations. From Viking observations, the typical sizes of suspended dust and near-infrared reflectance spectra. Hematite and goethite are typical crystalline iron materials that are also particles are on the order of a few Ȑm and distributed in altitude from the surface to roughly 30 to 50 km with a likely to be present in the regolith (Soderblom 1993) . In the case of modeling the martian regolith, olivine was also scale height close to the gas scale height. The background or ''clear-air'' dust amounts correspond to visible optical used to describe the optical properties of surface particles.
Surface ices or frosts are present in the polar regions on depths of about 0.2 to 0.3. For a ''dusty'' atmosphere during dust storm conditions, the optical depth increases to 4 or Mars. In the north polar region, there is a residual water ice cap mixed with large amounts of dust (Kieffer et al. 5. Dust opacity in the polar regions is typically a factor of 2 or 3 lower than at other latitudes. Analysis of Mariner 1976). Kieffer (1990) suggested that the residual cap is probably a mixture of fine dust and H 2 O ice grains with IRIS spectra by Conrath (1975) showed the atmospheric dust to be uniformly mixed to a height of about 35 km. comparable sizes and abundance. The ice grain size is dependent on the age of the frost deposit, with older material Above this level, the mixing ratio rapidly fell off with an effective top of the dust layer around 50 km. From Viking consisting of larger grain sizes. Viking water vapor observations have shown an annual average decrease in the amount observations, Pollack et al. (1977) derived a cross section weighted mean radius for dust aerosols of 2.5 Ȑm and a of atmospheric water vapor, leading to the conclusion that the north polar cap is currently in a net sublimation phase vertical number density profile of the form n(z) ϭ n 0 exp(Ϫz/H d ) extending to about 30 km. Toon et al. (1977) and the exposed surface ice is probably older ice with ice grain sizes ȁ100 Ȑm or more (Kieffer 1990 ). In the southwere able to derive dust properties from Mariner 9 IRIS observations during the dissipation phase of a global dust ern hemisphere, the residual polar ice cap is composed of primarily carbon dioxide ice, or possibly a mixture of carstorm. Toon et al. found that a modified gamma size distribution with a mode radius of 0.4 Ȑm, Ͱ ϭ 2 and Ͳ ϭ 0.5 bon dioxide ice and water ice. Analysis by Calvin (1990) of Mariner 7 near-infrared reflection spectra of the southern produced the best fit to the measured spectrum.
In Toon et al.'s analysis, the optical properties of martian polar CO 2 ice frost indicates that ice grain sizes are quite large, probably of the order of millimeters to centimeters. dust seemed to be well matched with those of a mixture of montmorillonite and basalt. However, a later compari-From Calvin's analysis, there are also indications that the CO 2 frost is contaminated with H 2 O ice or dust, but more son of earth-based visible and near-infrared telescopic spectra of Mars with laboratory reflectance spectra of sev-precise laboratory measurements of CO 2 ice absorption are needed. The condensation of atmospheric CO 2 in the eral terrestrial materials showed palagonites to be the closest spectral analog to the martian dust (Singer 1982) . San-polar winter forms a seasonal canopy of CO 2 frost. Toon et al. (1980) estimated the volume mixing ratio of dust tee and Crisp (1993) analyzed Mariner 9 IRIS data using the spectral properties of palagonite in their analysis of incorporated into the seasonal CO 2 polar ice caps in the north to be approximately 10 Ϫ3 and in the south to be Mars thermal structure and dust loading. They found palagonite to be a better match to IRIS spectra in the region approximately 10 Ϫ4 . 9 to 15 Ȑm than montmorillonite used in Toon et al.'s analysis, although they noted that Toon et al.'s analysis
EXPERIMENTAL AND MODELING RESULTS
was for dusty conditions and the IRIS spectra they analyzed were for clear conditions. The far-infrared complex refrac-
The results of the laboratory measurements and the theoretically calculated spectral characteristics of martian tive indices of the various candidate dust materials, such as montmorillonite, basalt, and palagonites, are not readily H 2 O and CO 2 ices are presented in this section. Using the experimentally determined indices, theoretical emissivities available. Lacking more complete laboratory data for these materials, the refractive index of olivine was used to model of H 2 O and CO 2 frosts are calculated using Hapke's emittance model (Hapke 1993). A detailed radiative transfer the optical properties of both the martian regolith and change the Mylar beamsplitter and the infrared source to cover the spectral range. The transmission curve is spliced together at 200 cm Ϫ1 with a slight adjustment in the transmission level of the 200 to 700 cm Ϫ1 curve to provide a good match at this point. Two lattice absorption bands are clearly seen near 66 and 112 cm Ϫ1 , measured with a spectral resolution of 1 cm Ϫ1 and averaging 600 scans together. Interference fringes, resulting from multiple reflection within the ice film, are seen in the spectral region above 150 cm Ϫ1 , measured with a spectral resolution of 8 cm
Ϫ1
and averaging 800 scans. The fundamental bending mode in solid CO 2 is seen near 660 cm Ϫ1 , which is opaque for this sample thickness. The weaker spectral feature near 638 cm Ϫ1 is due to the isotope with decreasing temperature. The crystal lattice motions decrease with decreasing temperature, resulting in smaller perturbations of the vibrational energy states leading to model was used to calculate the far infrared spectra of longer lifetimes and producing narrower transitions. The martian cloud and surface ices. The results of the modeling locations of the lattice bands in solid CO 2 shift to lower study for mid-latitude water ice clouds are summarized wavenumbers with increasing temperature and the width and calculated polar cloud and surface ice spectra are pre-of the absorption bands broaden. The 112 cm Ϫ1 band sented.
shows a greater temperature sensitivity than does the 66 cm Ϫ1 band. The measured center frequencies (esti-4.1 Refractive Indices mated using the full width at half-maximum values) for the two lattice bands of CO 2 ice at 80, 100, and 120 K The laboratory measurements are of fundamental importance in modeling the optical properties of ice particles. were 113.9, 112.0, and 110.3 cm Ϫ1 and 67.0, 66.5, and 66.2 cm
, respectively. The absorption coefficient for Several transmission measurements were made of crystalline CO 2 ice, and of amorphous and crystalline water ice H 2 O ice also shows a noticeable temperature dependence in addition to passing through a phase transition near films of various film thickness ranging from a few Ȑm to about 35 Ȑm. Examples of these measurements are shown 140 K which significantly alters the far-infrared spectrum.
The measured location of the main absorption peak in in Fig. 2 . In the top panel of Fig. 2 , the transmission spectrum of a 34-Ȑm-thick CO 2 ice film deposited at 100 K is H 2 O ice was 230 cm Ϫ1 for amorphous water ice at 77 K, 230.7 cm Ϫ1 for crystalline H 2 O ice at 100 K, and 227 shown. This curve is a composite of two separate measurements of the same ice film because it was necessary to cm Ϫ1 for crystalline H 2 O ice at 150 K. The absorption coefficient and refractive index of crys-transmission level (Ͻ5%) over the course of the deposition and transmission measurements (typically 4-5 hr for CO 2 talline carbon dioxide ice derived from transmission measurements at 80, 100, and 120 K are given in Table I . Data ice). The drift in reference level appeared as a non-zero residual absorption in the weakly absorbing inter-band are given for the spectral regions near the lattice bands. The absorption coefficient could not be obtained in the region of CO 2 ice where the absorption coefficient is too small to be measured with this technique. A correction to weakly absorbing inter-band region (where Ͱ p ȁ0.001 to 0.1 cm Ϫ1 ) using the thin film technique reported here. To the absorption coefficient baseline was made to remove a possible vertical shift in reference level and also for a obtain the absorption coefficient in these weakly absorbing regions, a technique for growing thick samples, such as the change in the slope of the reference level over the spectral range. The function f (v) ϭ a 0 ϩ a 1 v ϩ a 2 cos(a 3 v ϩ a 4 ) one developed by Hansen (1993) , must be used.
TABLE I Measured Absorption Coefficients and Refractive Indices of Crystalline CO 2 Ice
In deriving the absorption coefficient for CO 2 ice, a was fitted to the baseline using a linear least-squares analysis and then subtracted from the measured absorption speccorrection was made for instrumental drift in the reference trum. Residual interference fringes left by the inexact fringe fitting were also removed at the same time by fitting the amplitude, wavelength, and phase of the cosine term. Using this approach, the uncertainty in reference level could be reduced to below the instrumental noise. This approach, however, could not be applied to H 2 O ice measurements because water ice has measurable absorption over much of the far infrared spectral region.
The error in the derived absorption coefficient data arose from two main sources: systematic error in the film thickness and random error due to instrumental noise. Uncertainty in film thickness was due to inexact model fits to the interference fringes and, more significantly, to uncertainty in the real refractive index in this spectral region (see Appendix A for further discussion). The error in the CO 2 absorption data due to the uncertainty in film thickness of approximately 3% was evaluated using the expression:
d is the error in film thickness, and d is the estimated film thickness. This yields an error in the derived absorption coefficient of approximately Ϯ6.5 cm Ϫ1 near the peaks of the lattice bands. The precision of the absorption coefficient was dominated by instrumental noise and was estimated to be Ϯ14.5 cm
Ϫ1
. The total uncertainty in the absorption coefficient data given in Table I considering these two error sources is less than Ϯ16 cm Ϫ1 near the lattice 
, where k and Ͱ p are by Warren (1986) is shown for comparison (dashed-dotted line). the errors in the imaginary refractive index and absorption coefficient, respectively. Evaluating this near the lattice bands gives errors of Ϯ0.01 for the 112 cm Ϫ1 lattice band and Ϯ0.02 for the 66.5 cm Ϫ1 lattice band. solid phase transition from amorphous to crystalline ice at temperatures around 30 to 50 K, further complicating the The error in the real refractive indices given in Table I was dominated by uncertainty in the value of n ȍ used in extrapolation of lineshape. This extrapolation procedure may be partially responsible for the disagreement between the Kramers-Kronig calculation, estimated to be Ϯ0.05. The precision in the real refractive index is on the order the two sets of data near 112 cm
. However, the consistently larger values of k near 112 cm Ϫ1 suggests the 66 of Ϯ0.01 due to uncertainty in the published near-and mid-infrared absorption coefficient data. The total error cm Ϫ1 lattice band may not have been fully resolved. The 1 cm Ϫ1 spectral resolution of the measurement could have in the reported n in Table I is Ϯ0.06.
The refractive index of CO 2 ice derived from transmis-underestimated the peak value by ȁ10%. Table II contains the derived absorption coefficient and sion measurements at 100 K is compared in Fig. 3 with data published by Warren (1986) . The error bars represent refractive indices of amorphous water ice at 77 K and crystalline water ice at 100 and 150 K, respectively. The the total uncertainty (systematic and random errors) in the imaginary refractive index and only the precision in the accuracy of the derived absorption coefficient for water ice and hence k were mainly affected by a rather large measured real refractive index reported in this study. The agreement is generally good with moderate disagreement uncertainty in film thickness of about Ϯ10% and the inability to adequately correct for reference level drift in the in intensity and width of the 112 cm Ϫ1 lattice band. This lattice mode shows the greatest sensitivity to temperature. spectrometer. These two sources of uncertainty led to an error in absorption coefficient near the 230 cm Ϫ1 peak of Warren extrapolated measurements made at several temperatures from 4.2 to 100 K by Kuan (1969) . Only the approximately Ϯ325 cm
. The precision in the water ice absorption coefficient was limited by instrumental noise spectral lineshape of the lattice bands measured at 4.2 K were plotted in Kuan (1969). Solid CO 2 passes through a to about Ϯ71 cm
. The total uncertainty in the measured Table II is improved technique for determining sample thickness are needed to resolve these discrepancies. Ϯ333 cm
, near the peak. This corresponds to an error in the imaginary refractive index of Ϯ0.12. The total uncerThe cloud and surface ices on Mars form at higher temperatures than those measured in the laboratory. The surtainty in the real refractive index of H 2 O ice was estimated to be Ϯ0.06.
face temperatures in the polar regions are likely to be near 150 K, the CO 2 ice sublimation point at 6.1 mbars. The The derived refractive index of water ice at 100 K is compared with data published by Bertie et al. (1969) in Fig. condensation temperatures for mid-latitude H 2 O ice cloud particles occur perhaps in the range 170 to 200 K. These 4. Overall the agreement is fair with the most noticeable discrepancies in the peak and width of the 230 cm Ϫ1 feature. warmer ice temperatures cannot be achieved using thin film vacuum measurement techniques and therefore the Some of this is likely due to the somewhat higher spectral resolution of 1-3 cm Ϫ1 used by Bertie et al. In our measure-refractive indices at higher temperatures were obtained by extrapolation. ments, the spectral resolution was limited to 4 cm Ϫ1 by signal-to-noise considerations. In addition to this, Bertie
The measured refractive indices of CO 2 and H 2 O ices were extrapolated assuming a linear temperature depenet al. stated that by neglecting the reflection loss of approximately 27% in their analysis, they have likely overestimated dence in integrated band strength, position, and width.
This appears to be a very good assumption for CO 2 ice (see the absorptivity in this region. We estimated this would result in an overestimate of approximately 10% in the mea-Kuan 1969), but it is less clear how good the assumption is for H 2 O ice. Figure 5 shows the results of the extrapolation sured peak absorption. The shoulder near 190 cm Ϫ1 reported by Bertie et al. was not observed in our measure-of refractive index of CO 2 ice to 150 K. Also shown for comparison are the measured refractive indices at 100 and ments. Bertie et al. discuss the sources of experimental error in their measurements but a quantitative estimate of 120 K. Clearly, there is a significant change in the spectral characteristics, particularly in the band strength. H 2 O ice the error was not given. Further measurements with an of a particulate surface to be calculated given the composition, particle sizes, packing density, and subsurface temperature gradient.
The sensitivity of calculated CO 2 frost emissivity to particle size is shown in Fig. 7 . Emissivities in this figure were calculated using the extrapolated refractive index for CO 2 ice at 150 K, assuming a packing density (ratio of the bulk density to particle density) of 0.9 and an isothermal subsurface temperature profile. Uncertainty in the imaginary refractive index can have a significant effect on the calculated emissivity. For example, in the weakly absorbing region (near 225 cm
) with 1-mm-sized particles, the emissivity was calculated to be 0.8 for k ϭ 10 Ϫ3 and 0.5 for k ϭ 10
Ϫ4
. The imaginary part of the CO 2 ice refractive index was taken to be 10 Ϫ4 in the weakly absorbing region (approximately 200 to 400 cm Ϫ1 ) for all the calculations used in this study. This value is consistent with values of absorption coefficient of less than 1 cm Ϫ1 in the range from 20 to 40 Ȑm measured by Hansen (1993) . In addition, the influence of the far wing of the 660 cm Ϫ1 CO 2 ice absorption band and the 630 cm Ϫ1 isotopic band on the calculated frost emissivity at wavenumbers above 400 cm Ϫ1 was included using data from Warren (1986). refractive index was extrapolated to 200 K and the results are shown in Fig. 6 along with the refractive index measured at 100 K. It must be pointed out that the extrapolated indices have rather large uncertainties associated with them. First, the linear temperature dependence may not be valid for such a large change in temperature, particularly as the ice approaches its sublimation temperature. Second, the uncertainties in the measured data used in the extrapolation are roughly on the same order of magnitude as changes with temperature. The error in the extrapolated values may be on the order of a factor of 2 to 3. However, this was considered a necessary step in the modeling study until laboratory data become available for these warmer temperatures.
Theoretical Emission Spectra
Hapke's emittance model (Hapke 1993) , and the labora- corresponding to s ϭ 1000 (dotted-dashed lines). A reasonable value for s based on physical arguments is very difficult to make. The value of s has a significant effect on the spectral characteristics of the frost. Increasing s results in greater internal scattering of photons, increasing the absorption path length and ultimately decreasing the number of photons escaping the surface. This is seen in Fig. 7 as an overall decrease in frost emissivity with an increased value of s. The decrease in CO 2 ice grain size also leads to a decrease in frost emissivity due to the greater number of grain interfaces and the correspondingly greater number of surface reflections at these interfaces, again increasing the absorption path length. This spectral dependence on particle size is consistent with the type III spectral behavior for particulate surfaces discussed by Hunt and Vincent (1968) and more recently by Moersch and Christensen (1995) . The lattice band shapes appear to be less dependent on grain size as the volume scattering coefficient increases. The sensitivity of far-infrared CO 2 frost emissivity to grain sizes and refractive index is qualitatively similar to the behavior seen in mid-infrared emissivities modeled by Warren et al. (1990) .
The modeled CO 2 frost emissivity is sensitive to the presence of dust or H 2 O ice particles in the frost. Figure   FIG. 7 . Theoretical dependence of modeled CO 2 frost emissivity on 8 shows the dependence of frost emissivity on various particle size and Hapke model parameter, s. Assumes a packing density of 0.9 and no subsurface temperature gradient.
amounts of dust. In this figure, the CO 2 ice particle sizes emissivity is given by the top curve in Fig. 9 . H 2 O frost has emissivity close to unity throughout most of the farinfrared, showing very little spectral variation. H 2 O frost emissivity is insensitive to particle sizes in the range from 500 Ȑm to 5 mm. The sensitivity of H 2 O and CO 2 frost emissivities to moderate subsurface temperature gradients (0.01 to 1.0 K/cm) and packing density was found to be relatively small.
Two conclusions relevant to the far-infrared detection of H 2 O and CO 2 frosts emerge from the modeling study. The calculations show that there is very little spectral variation in the far-infrared emissivity of pure H 2 O frost composed of large particles. This suggests that detection of H 2 O frost based on its unique far-infrared spectral signature will be extremely difficult. For CO 2 frost, however, the strong spectral variation between its lattice band emissivities and the nearby weakly absorbing inter-band region is quite significant. This large change in emissivity gives rise to a large change in the spectral brightness temperature of CO 2 remotely detecting the presence of CO 2 frosts and possibly other solar system ices, such as N 2 and CH 4 , that possess infrared-active lattice absorption bands and also appear to exhibit weak inter-band absorption in the far-infrared. In are 1 mm with dust particle sizes of 5 mm, and both having a volume scattering coefficient equal to 100. The refractive addition, the emissivity of CO 2 frost is observably affected by the presence of small amounts (0.1 to 1.0%) of dust or indices of olivine, basalt (Pollack et al. 1973) , and montmorillonite (Toon et al. 1977 ) were used to model the spectral H 2 O contaminants in the frost. In principle, therefore, the spectral region between about 200 and 500 cm Ϫ1 could be properties of the dust. The refractive indices for these materials were extended below 200 cm Ϫ1 for basalt and used to detect the presence of small amounts of contaminants in the Martian polar CO 2 ice caps. Unfortunately, 250 cm Ϫ1 for montmorillonite (219b) by assuming that the imaginary refractive index for these materials decreases the emissivity in this spectral region is also quite sensitive to particle sizes, uncertainty in the imaginary refractive smoothly with decreasing wavenumber to a value of 0.02 at 50 cm
FIG. 9.

Ϫ1
. This follows the general spectral behavior of index, and possible uncertainty in the values of model parameters, such as the internal volume scattering coeffiolivine at the longer wavelengths.
All three materials produce approximately the same in-cient of the particles. This will likely lead to ambiguity in interpreting frost observations in this spectral region. crease in frost emissivity with increasing amounts of dust in the weakly absorbing inter-band region of CO 2 ice. Olivine
The spectral characteristics of mid-latitude water ice clouds were studied by incorporating the laboratory data exhibits the greatest spectral variation in the mixed frost emissivity. The lattice band emissivities show a small de-for water ice extrapolated to 200 K into a detailed radiative transfer model (see Appendix B). Calculations using the crease with increasing amounts of olivine dust, but very little change for basalt and montmorillonite. The actual mid-latitude cloud models based on Mariner 9, Viking and Phobos spacecraft observations were made. It was found change in emissivity due to the presence of dust is dependent on the assumed particle sizes of the dust with smaller that except for cloud models with total water ice column amounts greater than 1 to 2 pr Ȑm, the far-infrared spectral dust grains showing less influence on the emissivity. The dust grain sizes considered here are much larger than what emission did not show observable water ice cloud features against the relatively warm (e.g., 220 K) surface backwould likely be present in the martian polar ice caps, but the large particle limitations of Hapke's model precludes ground radiance. For example, the cloud models based on Kahn's analysis of Viking images having vertical integrated an adequate study of the effects of smaller grain sizes.
The presence of H 2 O ice particles in CO 2 frost also cloud ice column amounts Յ0.01 pr Ȑm and on the range of haze parameters derived from Phobos observations were affects the modeled emissivity. The emissivity of CO 2 frost mixed with various amounts of H 2 O ice particles ranging too optically thin in the far infrared ( Յ 10 Ϫ4 ) to be detectable. Even the optically thicker cloud model corresponding from 0.1 to 50% are shown in Fig. 9 . The H 2 O ice particles have a radius of 1 mm and the model parameters for CO 2 to Mariner 9 observations in the Tharsis Ridge region, with a cloud ice amount of 0.4 pr Ȑm and a corresponding farfrost are the same as described above. Pure H 2 O frost infrared optical depth of 0.05, did not show a clear cloud spectral feature in the calculated emission spectrum for the nadir viewing geometry assumed in this study. An observable cloud feature was produced in the calculated spectrum using a simple cloud model with an integrated ice amount of 2 pr Ȑm, a condensation temperature of about 200 K, and a surface temperature of 225 K. The resulting far infrared optical depth was ȁ0.16. The 225 cm Ϫ1 water ice absorption band was observed in the theoretical spectrum by differencing the cloud spectrum with a cloud-free spectrum resulting in a brightness temperature difference of ⌬T ϭ 2.5 K. The weaker ice absorption near 158 K was only marginally observable in the difference spectrum. The cloud ice amount in this case was probably near the upper limit for the martian atmosphere based on arguments made by Rossow (1978) , who used a simple theoretical cloud microphysical model for martian water ice clouds.
The far infrared spectra of martian water ice clouds were found to be most sensitive to total cloud ice amount and to the physical temperature difference between the cloud and the underlying surface. The theoretical spectra were mid-latitude conditions. The effect of atmospheric dust ice amounts. The spectral brightness temperature contrast is defined as opacity is to modify the apparent surface emissivity, chang-the difference between the brightness temperature observed at the peak ing the cloud-surface effective radiating temperature dif-of the cloud spectral feature (e.g., 225 cm Ϫ1 for water ice) and the nearby continuum brightness temperature where the cloud optical depth is zero.
ference. An approximate radiative transfer model was deIn the typical mid-latitude case where a cold cloud is observed against veloped to investigate the sensitivity of water ice cloud a relatively warm surface, the spectral feature is seen in absorption (i.e., spectra to a range of cloud ice amounts and cloud-surface ⌬T b Ͻ 0). temperature differences. The model assumes an isothermal cloud having a uniform optical depth, and a gray emitting surface. To a first approximation, the far infrared optical depth is independent of particle size (for r eff Ͻ 6 Ȑm) and and cloud (T c ) temperatures. Note that for typical midlatitude conditions, the cloud is colder than the underlying depends directly on column ice amount, given in terms of precipitable micrometers. This can be shown using the surface and the cloud ice spectral feature will be seen in absorption (i.e., ⌬T b Ͻ 0). Cloud models based on Viking following relationship for optical depth: ϭ N col и ext , with the column number density given by N col ϭ ( w / i ) и (⌬ pr Ȑm / and Phobos observations fall well below the 0.1 pr Ȑm curve in Fig. 10 . The Tharsis Ridge cloud model would ȏr 3 e ), where w and i are the densities of water and ice, respectively, ⌬ pr Ȑm is the column amount in precipitable fall just below the 0.5 pr Ȑm curve. From Kahn's analysis, it appears that there is a tendency for low clouds (Ͻ20 micrometers, and r e is the effective radius of the cloud particle. The extinction cross section for water ice particles km) to have a lower cloud condensation temperature and a greater cloud ice amount than high clouds (Ͼ50 km), at 225 cm Ϫ1 is ext ϭ (r e /0.15) 3 и 9 ϫ 10 Ϫ12 cm 2 , assuming a modified gamma size distribution with Ͱ ϭ Ͳ ϭ 1.
where the opposite is true. This tendency reduces the spectral brightness contrast to very small values (⌬T b Ͻ 0.5) The results of calculations using this simplified model of mid-latitude water ice clouds for a range of cloud ice for a large range of mid-latitude cloud conditions. Water ice clouds forming near the edge of the retreating seasonal amounts, and cloud and surface temperatures are shown in Fig. 10 , assuming a surface emissivity of 0.93. The spectral ice caps during springtime have a significantly greater cloud ice amount approaching 1.5 to 2.0 pr Ȑm. This would lead brightness temperature contrast (⌬T b ) is defined as the difference between the calculated brightness temperature to values of ⌬T b ȁ 2 to 3 K.
The effects of suspended dust on the observed surface at the peak of the water ice spectral feature (i.e., 225 cm Ϫ1 ) and the surface brightness temperature where the cloud emissivity was also investigated using the simplified radiative transfer model. In Fig. 11 , the apparent change in opacity is zero. The cloud and surface temperatures are given in terms of a difference between the ground (T g ) observed surface emissivity at 200 to 250 cm Ϫ1 due to a altitude having a modified gamma particle size distribution with mode radius equal to 0.5 Ȑm, Ͱ ϭ Ͳ ϭ 1, and a total ice column amount of 2 pr Ȑm. Thermal emission from a pure CO 2 frost (dotted-dashed line) shows two observable emission features at 66 and 110 cm
, due to the lattice absorption bands in solid CO 2 . At larger wavenumbers, the frost emissivity is very low, resulting in brightness temperatures far below the 150 K physical temperature of the modeled frost. The pure CO 2 frost emission curve neglects absorption or emission by the atmosphere. The solid line curve in Fig. 12 is the combined atmosphere and surface emission. Several narrow water vapor lines are seen in emission against the cold surface background. The atmosphere was assumed to be free of suspended dust in this case. A water ice cloud emission feature is clearly seen at 225 cm Ϫ1 with the low surface emissivity of CO 2 frost providing greater spectral contrast of the cloud feature than was seen in the mid-latitude calculations. Also shown in Fig. 12 is the emission spectrum for the same cloud and surface models, but with a moderately dusty atmosphere, having a visible dust optical depth equal to 1.0 (dotted line). In this last case, the water ice cloud feature is still This atmospheric dust feature can be readily distinguished was assumed to be 0.44 (CO 2 frost) for the polar region and 0.93 (regolith) for the mid-latitude region. A warm dust layer was taken to be 10 K from the surface material because it is seen in emission warmer than the underlying surface, while a cold dust layer was taken instead of absorption (see Fig. 8 for comparison).
to be 10 K colder than the surface.
The far infrared spectrum of the martian polar hood is shown in Fig. 13 . The polar hood aerosol model consisted of a low-lying CO 2 ice haze, a mid-level H 2 O ice cloud, and atmospheric dust particles. The CO 2 ice haze was modlayer of suspended dust is shown as the difference between the actual surface emissivity and the apparent or effective eled as a near-surface diffuse layer approximately 3 km deep with an integrated cloud ice amount of ȁ10 pr Ȑm. emissivity. Dust amounts are given in terms of visible optical depth. For this calculation, the surface emissivity was The CO 2 ice particle sizes were assumed to follow a modified gamma distribution with an effective radius of 10 Ȑm assumed to be 0.44 (CO 2 frost) for the polar region and 0.93 (regolith) for the mid-latitude region. A warm dust and Ͱ ϭ Ͳ ϭ 1, resulting in a visible optical depth of 2.0.
The polar H 2 O ice cloud model was similar to the previous layer was taken to be 10 K warmer than the underlying surface, while a cold dust layer was taken to be 10 K colder polar springtime cloud model example, but with a lower integrated cloud amount of 1 pr Ȑm. The water ice cloud than the surface. The presence of a dust layer would have little affect on observed mid-latitude surface brightness visible optical depth was 0.65. Even with this lower cloud density the water ice feature is still observable in the calcutemperature in the far infrared, even for situations where large dust loading occurs. The influence of atmospheric lated spectrum. The atmospheric dust amount in the polar hood model corresponded to ''clear air'' conditions with a dust on the observed brightness temperature of the seasonal polar ice caps would be on the order of a few percent. visible opacity of 0.5. The standard dust model parameters were assumed. The pure CO 2 frost emission curve, neglectIn this case, observations of the polar CO 2 ice caps may not be capable of distinguishing between the effects of ing atmospheric effects, is shown for comparison (dotteddashed line). The CO 2 frost emission features at 66 and atmospheric dust and dust incorporated into the polar caps.
In addition to the mid-latitude calculations, the far-infra-110 cm Ϫ1 are clearly visible. Also present in the spectrum is a weak emission feature near 290 cm Ϫ1 from the atmored spectra of polar condensates and surface ices were calculated using the detailed radiative transfer model. The spheric olivine dust layer.
Scattering by the CO 2 haze layer lowers the apparent result of the radiative transfer calculation for a polar springtime water ice cloud and CO 2 surface ice model, a surface brightness temperature below that expected for a pure frost. Over much of the far-infrared region, the single situation typical near the polar cap edge, is shown in Fig.  12 . In this model, the water ice cloud was located at 15-km scattering albedo for CO 2 ice particles is close to one, whereas for water ice and dust it is close to zero. The high emerged from this study: a need for high spatial resolution, high instrument sensitivity, and a high-altitude platform scattering albedo of CO 2 ice particles results in a very low emissivity haze. This is consistent with the results obtained to make observations from. Spectral resolution is not a critical requirement since resolution on the order of 1 cm
by Hunt (1980) , who was able to show that a CO 2 ice cloud with a visible optical depth of 0.5 can have a large effect is sufficient and this can be easily accomplished using a grating spectrometer or a Fourier transform spectrometer. on the measured 20-Ȑm brightness temperatures in the To achieve adequate spatial resolution to resolve the polar regions. The measured brightness temperature can limited horizontal extent of the polar caps on Mars or the be as low as 120 to 130 K for a physical surface temperature small angular extent of the moons in the outer solar system of 150 K. This effect could be used to detect the presence with a single telescope requires a large primary mirror. A of a low-lying CO 2 ice haze, but quantitative measurements large mirror will also increase the amount of light-gathering would be difficult due to uncertainties in modeling the power of a telescope, improving the sensitivity. A telescope underlying frost emissivity.
operating at the diffraction limit will have a full angular field of view in arcseconds given by Ͱ ϭ 0.412/D, where
FEASIBILITY OF DETECTION
is the operating wavelength in Ȑm and D is the diameter A preliminary assessment of the observational require-of the primary mirror in meters. In the case of Mars, a 4-ments for an earth-based instrument was made based on m-diameter mirror is required to just match the angular the results of the laboratory measurements and the theoret-field of view of the telescope to the angular extent of Mars (taken to be 20 arcsec in this analysis) at 50 cm Ϫ1 and a ical modeling studies. Three fundamental requirements 2-m mirror is needed at 100 cm Ϫ1 . A mirror diameter of more stringent. For instance, the angular sizes of Titan and Triton are ȁ1 arcsec and ȁ0.13 arcsec, respectively. 14 m operating at 50 cm Ϫ1 is required to resolve the polar region on Mars (roughly 6 arcsec). Large ground-based In addition, sufficiently high off-axis rejection must be achieved to isolate the flux from the moon and its nearby observing telescopes are feasible but the far-infrared opacity of the earth's atmosphere, primarily from water vapor, planet. For example, in the Neptune/Triton system, the angular separation, as seen from the earth, between Nepprecludes observations from the ground (Taub and Stier 1976) . tune and Triton is approximately 30 arcsec. Interferometric techniques involving two or more telescopes on a single Observations made at aircraft or balloon altitudes would be above much of the atmospheric water vapor. However, satellite or on multiple satellites are theoretically capable of achieving very high angular resolution of the order of these platforms place practical constraints on the mirror size, limiting it to 1 or 2 m. An earth-orbiting satellite, tenths of arcseconds.
Another important consideration in evaluating the feasisuch as the Large Deployable Reflector (LDR) satellite for submillimeter observations with a primary mirror diameter bility of detecting planetary ices is the sensitivity required to measure weak spectral features. The signal-to-noise rabetween 10 and 20 m (Swanson, 1991) would provide an ideal platform for observing martian surface ices. An alter-tio for a direct detection system is given by S/N ϭ S 0 A m ⌬ ⍀ s ͙t/NEP, where is the instrument transmission, nate approach must be considered for observations of icy moons in the outer solar system. Their very small angular S o is the source flux, A m is the collecting area of the primary mirror, ⌬v is the spectral resolution, ⍀ s is the solid angle sizes as seen from the earth make the spatial resolution requirements of a far-infrared observation significantly of the source, t is the integration time, and NEP is the noise equivalent power of the detector. The predicted sen-Mars unlikely in this part of the spectrum. Mid-latitude H 2 O ice cloud spectra were shown to be sensitive to cloud sitivity of future Si or Ge bolometers cooled to liquid helium temperatures is about 5 ϫ 10 Ϫ19 W/Hz 1/2 ice amount and cloud-surface temperature contrast. The presence of atmospheric dust and gas opacity has a neglible (McCreight 1991) . Evaluating the expression for the signalto-noise ratio for observation of the martian polar ice caps affect on the cloud spectra. Detection of martian midlatitude ice clouds and hazes from an orbiting spacecraft assuming an operating frequency of 100 cm Ϫ1 , a 1 cm Ϫ1 spectral resolution, a 10-m mirror, ϭ 0.3, S o ϭ 1.131 ϫ may be possible, but the low brightness contrast between the optically thin far-infrared spectral features and the 10 Ϫ10 W/m 2 sr cm
Ϫ1
, and 1-min integration time yields a signal-to-noise of 110. The minimum detectable change relatively warm surface background limit this possiblity to clouds having total column ice amounts close to the in frost emissivity given this signal-to-noise ratio is 0.03, corresponding to a change in brightness temperature of 4 theoretical upper limit (ȁ2 pr Ȑm) for the martian atmosphere. This conclusion will likely change for the limb-K. This assumes that the change in the signal level (⌬S) of ⌬S Ն 3 и NER is a reasonable detection criteria, where viewing geometry available to an orbiting spacecraft. The longer path length and the low background radiance from the noise equivalent radiance (NER) is defined by NER ϭ NEP/(A m ⌬v ⍀ s ͙t).
space should result in a substantially lower detection limit, making the measurement of cloud opacity and cloud temSensitivity requirements for observations of the outer solar system moons would be significantly more demanding perature possible for a wider range of cloud conditions. Theoretical calculations of CO 2 frost emissivity showed due to the much lower thermal fluxes from these colder planetary bodies. For Titan, the surface temperature is 95 a strong brightness temperature variation of roughly 20 to 30 K near the 66 and 110 cm Ϫ1 lattice bands of solid CO 2 . K and for Triton the surface temperature is 38 K. The peak of the blackbody flux from Triton is 1000 times weaker Observations of these unique spectral features would allow for an unambiguous detection of the seasonal polar ice than the peak flux from Mars. This would indicate that significant improvements in detector sensitivity are re-caps, both from an orbiting spacecraft and from an earthbased instrument, even in the presence of significant polar quired. Conclusions about whether ices on Titan, Triton, and Pluto could be detected using an earth-based instru-hazes and dust. In addition, the high frost emissivity near 66 and 110 cm Ϫ1 would suggest that surface temperature ment will be highly dependent on the assumptions made about future technological capability and on the results of could be measured in this region. The low frost emissivity in the region 150 to 500 cm Ϫ1 provides better thermal conlaboratory and theoretical modeling studies, but it appears to be beyond current capability.
trast for detecting H 2 O ice cloud spectral features and for measuring the total cloud ice amount. It appears possible to detect the presence of a low-lying CO 2 ice haze in the 6. CONCLUSION polar region, assuming the underlying frost properties can be properly characterized. Theoretical calculations of CO 2 Spectral measurements of cloud and surface ices are desirable because their composition can be determined by frost emissivity in this spectral region were found to be sensitive to the presence of small amounts of dust or H 2 O the identification of unique spectral features associated with a particlular constituent. Cloud or aerosol observa-ice particles incorporated into the frost. However, the sensitivity of CO 2 frost emissivity in this spectral region to tions using occultation or narrow-band radiometric techniques tend to undersample the spectrum and therefore other factors, such as model parameters and uncertainty in the imaginary refractive index, would make quantitative often must rely on temperature measurements to aid in determining the composition of ices. Interpretation of measurements of dust and H 2 O ice amounts in the polar cap difficult. near-and mid-infrared observations can be complicated by atmospheric opacity, and in the case of Mars by the A large primary mirror on the order of 15 to 20 m in diameter would be needed to reasonably resolve the polar presence of significant amounts of suspended dust. The effects of atmospheric gas and dust opacity on martian regions on Mars from Earth. NASA's proposed Large Deployable Reflector satellite (Swanson 1991) is an example cloud and surface ice spectra are greatly reduced in the far infrared. The reduced atmospheric effects and the fact of the technical feasibility of deploying a far-infrared or submillimeter instrument with a large primary mirror. High that CO 2 and H 2 O ices possess unique far-infrared spectral features in the range from 50 to 250 cm Ϫ1 are the two angular resolution is also theoretically possible with interferometric techniques involving two or more instruments principal motivations for investigating the far-infrared spectral properties of cloud and surface ices.
flown on one or more earth-orbiting satellites. This approach would be particularly attractive for observing ices It was found from the laboratory and modeling studies that frost composed of primarily large H 2 O ice particles in the outer solar system where the angular sizes of the icy moons are very small. shows very little spectral variation in the far infrared, making a direct detection of the permanent H 2 O ice cap on Long-term observations of the formation and sublima-
The film thickness of CO 2 ice was estimated by fitting the theoretical tion of the seasonal polar caps, as well as the amount of dust model to the measured transmission spectrum in the region 150 to 600 incorporated into the ice caps, would provide important cm Ϫ1 . In this spectral region the absorption coefficient is negligibly small information for understanding and modeling the radiative and interference fringes are readily observed. The uncertainty in CO 2 balance in the polar regions and the condensation flow ice film thickness was estimated to be 3% using this technique. 
APPENDIX A
index was then calculated directly from the absorption coefficient, k ϭ Ͱ p /4ȏ, where v is the wavenumber of incident light. The real part of The transmission spectrum, as measured by the FTS instrument, is the refractive index was obtained from the Kramers-Kronig dispersion given as the ratio of the transmission spectrum of the ice film, I SPC , to relation given by the blank substrate reference spectrum, I REF ,
where n ȍ is the high frequency refractive index. As can be seen in Eq. where T 2 W is the transmission through the two polyethylene cryostat (A4), the integrated contributions to the real part of the far-infrared windows, T sub is the wedged silicon substrate transmission, and I o is the refractive index from higher frequency absorption bands decreases as source spectrum including the instrument transmission function. T ice/sub 1/ 2 and therefore only near-and mid-infrared absorption bands need is the transmission of the ice film deposited on the substrate. The measured to be considered in the calculation. For our analysis, the high-frequency transmission is then given as refractive index was taken to be the value of the real refractive index of ice at the upper limit of integration. The upper limits were 1000 cm
Ϫ1
for CO 2 ice and 4000 cm Ϫ1 for H 2 O ice. The lower limit of integration With these upper and It should be pointed out that the effects of the substrate transmission are lower limits, the truncation error in the calculated far infrared n() was not completely removed by the ratio in Eq. (A2) because the reflectivity of less than 0.1% for both ices. Near-and mid-infrared absorption coefficient the front surface changes with the addition of the ice film. Before analyzing data used in Eq. (A4) were obtained from Bertie et al. (1969) for water the measurement, T m was corrected for substrate transmission, TЈ m ϭ ice and from Warren (1986) for carbon dioxide ice.
We explored the influence of uncertainties in the published near-and An iterative Kramers-Kronig technique was used to derive the complex mid-infrared absorption coefficients on the calculated far-infrared real refractive index, m ϭ n ϩ ik, from the measured transmission spectrum.
refractive indices. Calculation of the far-infrared refractive index using The absorption coefficient was calculated using a Newton iteration the Kramers-Kronig relation is relatively insensitive to errors in nearscheme, and mid-infrared absorption coefficient data. For example, assuming a 20% error in the published data, the estimated error in the derived real
refractive index was less than 3% for H 2 O ice and 0.5% for CO 2 ice.
Systematic error is also introduced into the calculated far-infrared refractive index through uncertainty in the value of n ȍ . Warren (1986) estimated where Ͱ i p is the first guess or current estimate of the absorption coefficient, Ͱ iϩ1 p is the next estimate, and d is the film thickness derived from fitting the uncertainty in n ȍ to be Ϯ0.05. Bertie et al. (1969) did not give an error estimate for their derived refractive index, but using Warren as a a theoretical thin film model, T model , to interference fringes in the measured spectrum. The thin film model, which is discussed below, is necessary guide an error of Ϯ0.05 was also assumed for H 2 O ice. It should be pointed out that n ȍ is temperature dependent, but this dependence was to accurately account for reflection loss and the change in the real part of the refractive index over an absorption band.
not considered here since other sources of error dominate.
The iterative procedure using Eqs. (A3) and (A4) was repeated to The thin film model was modified to accommodate the use of a wedged substrate. Wedging the substrate eliminates interference fringes due to yield successively better estimates of Ͱ p , n, and k. In numerical tests using synthetic absorption data , the iterative process converged rapidly multiple reflections inside the substrate. These unwanted interference fringes are extremely difficult to completely remove from the measured to a solution after five iterations, converging to better than 1% of the true value, well within the instrumental noise.
transmission spectrum and may obscure weak absorption bands in the sample. The wedged substrate was modeled using a mean thickness for The theoretical thin film model, used in Eq. (A3), was based on a generalized matrix approach to multi-layered dielectric problems (Born the substrate and artificially requiring the last medium to have the same refractive index as the substrate but with zero thickness. This eliminates and Wolfe 1970), which allows substrate losses to be explicitly taken into account. The transmission of power through the multi-layered dielectric the internal reflection at the substrate-vacuum interface, but also removes a significant surface reflection loss. A correction was made by multiplying system is given by the total transmission by the square of the Fresnel transmission coefficient evaluated at the substrate-vacuum interface.
APPENDIX B
where n o and n L are the refractive indices of the first and last mediums, To calculate planetary emission spectra, the full radiative transfer equarespectively, and t is given by tion must be solved using the appropriate input parameters defined by the atmospheric, cloud, and surface models. The radiative transfer equation for a plane-parallel, azimuthally symmetric atmosphere in local thert ϭ 2P o (m 11 ϩ m 12 P L )P o ϩ (m 21 ϩ m 22 P L ) , ͬ . . ., (A7) total extinction coefficient, ext , is the sum of gaseous absorption, gas , particle absorption, ͱ abs , and particle scattering, ͱ sca . The integral term on the right-hand side of Eq. (B1) represents the intensity that is scattered where mЈ ij and mЉ ij etc. are elements of the individual layer characteristic into direction Ȑ by cloud and dust particles. The particle phase function matrices. For a uniform, lossy dielectric layer of thickness d i , the elements p(Ȑ, ȐЈ) is the cross-section-weighted average of the individual phase of the individual layer characteristic matrix are functions for each particle type (e.g., atmospheric dust or H 2 O ice). The phase functions for the individual particle types were averaged over their respective size distributions. Both the particle cross sections and phase mЈ 11 ϭ mЈ 22 ϭ cosh(Ͳ i d i ), functions for a given particle size were calculated using Mie's theory. The thermal source term is given by the Planck function, B v (T) ϭ 2hc/ mЈ 12 ϭ 1 The bi-directional reflectance, (Ȑ, ȐЈ), depends on both the incident direction, ȐЈ, and on the reflected direction, Ȑ, and in general it is a T model ϭ (A9) complicated function of both directions. Hapke's surface model, which is used to calculate (Ȑ, ȐЈ) and (Ȑ), is discussed below. Using the average radiation field to approximate the radiation incident on the surwith Fresnel reflection and transmission coefficients at the i-j interface face from all directions, Eq. (B2) becomes given by 
where the average radiation field was evaluated using a two-stream approximation. For a uniform incident radiation field, the integration over Equation (A9), or a simplified form of it, has often been used for modeling thin film measurements and implicitly assumes a lossless substrate. This ȐЈ in Eq. (B3) yields the hemispherical-directional spectral reflectivity, written (Ȑ) ϭ 1 Ϫ (Ȑ). Equation (B3) then becomes approximately is generally a poor assumption for far-infrared substrate material and therefore the generalized matrix approach was adopted.
I s (0, Ȑ) Ȃ (Ȑ)I Ϫ (0) ϩ (Ȑ).
The approach used to solve the radiative transfer equation was to Hapke's model does provide a useful means for obtaining a first-order estimate of the far-infrared spectral characteristics of planetary frosts. separate the monochromatic intensity into two components, a reduced (or direct) intensity component due to atmospheric and surface emission, The emitted radiance from a particulate surface is given by Hapke (1993) : I ri (z, Ȑ), and a diffuse intensity component due to scattering by atmospheric particles, I d (z, Ȑ). The total intensity, I(z, Ȑ) ϭ I ri (z, Ȑ) 
